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LASER WELD QU^TY MONITORING METHOD AND SYSTEM 

BACKGROUND OF THE INVENTION 

The present .nvction rcla;es lo a laser weld quality monitoring method and 
.,.cm. 1. pamcular. the invention relates to a laser weld quality ^^^^^^^ 
and systetn adapted to .onUoc a quaUty of a YAG laser wdd, such for an occurrence 
of a porous, under-filled, or non-welded status. 

The welding of very thin steel sheets, such as for . vehrcle body, .s perfonBed 
bv a laser welding, in comparison with a spot wdding. the laser welding has many 
V „" ^ that tt is appLle to . ooe-side weldin. wtt.out the need of clamp.ng 
L shelts frotn hoth obverse and reverse, and that it allows an easy we d.ng even a -n 
ins:de of . complicate narro. groove. However, as a disadvantage t --^^ ^J^J^ 
degradation of weldtng quaUty caused by a failed lapping accuracy between steel sheets 
or accrued suddenly ai a stained welding part. 

mretore. .he ™o».toring of a weld U pcrt=rn»<l by prcd.cung a w.W 
duality u, a r«l.umc ma„n». Japanese Pa.cn, AppUcaUon Uytog-Open Pubhcaucn 
No 2000-271768 has .lisdoscd techniques of using a pair of sensors havms me,r 
Ltio. an^es dlffeten, fan, each o.het, fo, se„s,ng intensiues of IW fton, a plun,e 
o^Ig a, a keyhole of a weld by a YaC (Vurium Alutninun, Catnet) laser and 
711 of 11*. Of d,e VAC laser, to detect variations of output, 
sheet gap as weldtng conditions, thereby peifomting a real-iime predtctton of a ,nal«y 
of the laser weld. 

SUMMARY OF THE INVENTION 

For the conventional method of tnonitoring a quality of laser weld, it >s 
possible to detect occurrences of a significant grooved state of weld (hereafter 
sometimes referred to as . under-filled" state or s:mply "under-fill") and a non^ 
conforming state of weld signtttcamly deviated from a specified weldtng condmon 
(hereafter sometimes referred to as -non-conformmg" state or simply "non-oonformrty ). 
It however is difficult to detect an occurrence of a significant porous state of wdd 
(hereafter sotnet^mes referred to as "porous'' state or simply "porosity" "P-^,,,,^ 

The difficulty in detection of an occurrence of porous state tn the conventional 
weld quality monitortng method resides in that a decision on quality is made of a state 
of weld based on the intensity of light emitted from a melt (with a "keyhole ) .rraduted 
by a laser beam, irrespective of the fact that the porous state is caused 
zinc vapor inside the keyhole, which mixing seldom imparts sigmficant varutrons m the 
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„t p„ous s»«, v..d .a. . an u.de.*a '^r^ " "I ^.M 1, » 
contain, «a>c can be to«,ed in m... , 

,adU,a.ed ac.»,o. of an occ.««c= of '^^^J^^ „,ion, if 

"""^^r^^nuon i. n^de wi* .c. poin. in vi^. " 
o,.. Of . — ,0 p^vide a .as. w.. — ^^^^^^^^^^^^ 

r;:^:;:;orcp;aaw..sfo...of,o.^^^^^ 

A. a .,„Uo. ,o .-.cv. - ^^^^ 

iDVsniion, Ihert is provided a Us" qu y ^AG laser; dctccling 

weidins a pan of wcR a laser ^a™ '.rl^ciion signal; 

a var,i„g iniensily of ligbi retlecled from Oie ° ^7'' ,,.,„.„cy 

^,e™.i~g a valac of s.^al power of a '"^'-^J^ '^:^, Jading 
bana of ihe deleclon signal; and making a decision ,„^, 
p„, 10 be significan, as ihe value o, signal power exc« * esW , 
I and 10 be insigniflcan. as ihe value of signal power does nol exceed 

'tLrding ,0 anolber aspec, of *e piesen, invenUon. ------ 

weia,nali.n.oni.ori.— 

callaling. Iron, ihe (re,«ency dislribolion, a firsl signal pu.e, sum 
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f„™e„cv b»d for dcecine .n .nder-f.lM s,a.. ^ = «co«d frequency band o 
:L^g a porous s.a,e. a-d a second .g„a> power sun. in a ^^^^ 
.cecn* a non-.elded s,ate; .app.ng a a,.b.na,ion of ca>cu,a.d va.o of h ^ 

• o r^oiATi defined bv a combination of a tust axis 
and second signal power suras, in a region aeiinea oy a cw» 

"p„«„,i.a ,he flrsignal power sun. and a second ax„ represenUng ,he sacon ^ 
power sun, inoudin, a sub-re^on represenUng a non-eonfor^nrg s,a,e as n o h 
ler-filled s,a,e, 4e porous s,.,e, and ,be non-welded and nrakmg a ec s^n to 
me weldU>g par, ,0 have .he non-conforming s.,e, as .he con..u,a.,on of calc«la.ed 

values is maoped in ihe sub-region. 

FunL, ,o achieve .he objec. described, acceding .0 a«,*cr aspec. of .he 

presen. .nven..on. .here is provided a laser weld ,udi.y -"""'"^ 'J^" 
a welder configured .0 weld a par. of work wirh a User bean. .,rad...ed d«reo„ from a 
yIg laser; a de.ecor configured ,o delec, a varying in.ensi,y of hgh. refleced from .he 
w^lg p., .0 prov.de a dcecion si^al; a value de.e„niner configured ,o de,er..n 
value of signal power ot a frequency spec^um in a specfied frequency band of .h 
ecion si^al; and a decislon-n«.er configured ,0 .a.e a decision for a po«us^^ 
ot .he welding par, » be significam as .he value ot s,^l 7, f ^ 
and .0 be insigniilcan. as .he value ot s.gn.. power does no, exceed 4e d. 

According ,o anod,er aspec. ot U-e presen. .nven,.o„, tee .s Fovded a lase 
weld ,ual.,y nronhoring sys.er. comprising: a laser welder » ^^^^ 

laser bean, from a YAG laser .o a welding pan of wo* a derecor conf-gured to dcrea 
Z ^ced ffon, ,he we.dh,g pan-, a calcul.,cr c<«fl^red ,0 cal^U.e a .^n. 
dUurion iron, . se. o, da. of *e a..eaed Ugh, whhin a in,erval of „n,e, a c^<^la™ 
configured .o calcula.e, from .he frequency d,s.ribu,ion, a firs. s,gnal power s». .n one 
Z.L frequency hand tor de«.ing an uudcr-fllled s,a.e ».d a second frequen band 
tor de-ecin^ a porous s.a.e, and a second si^al power sum in a ,h,rd 
or dcecdng a non-welded s,a,.; an operaror configured .0 «p ' "-^^'^^ 
alc„la,ed v!,ues of .he Crs. and second s,gnal power sums, in a re^on defined by 
con,b.na.io„ of a firs, a.is represenuug *e tirs. signal power sun, and a seco.^ a., 
represenung .he second s.gnal power sum, including a sub-re^on ''P"! ;" 
co„tonn,ng s,a.e a. one of *e uoder-BUed sme, d,e porous s.a.e, and ,he non-we^ed 
a »d a decision.n.al.er configured .0 make a decision to, .he welding par. .0 have 
,he nou-contonoing su,e, as rhe comhina.ion of calculaled values is mapped m .he sub- 
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BHIEF DESCRIPTION OFTHE .CCOMPANVING D^WINGS 

Th< .bove and fu,a,e. obi«> »cl novel of ,be P'-» 

Fig, 1 is a fragmcmary side view of a "'"1 ' 
according lo a„ .«-bodiin-i of ihc invcion. as « is appUcd ,o a YAG 

piJ'L an i— c^ccp... co^Uiu-on of ,1, we,d.„g sysic. quipped 
wlUi Ibt «eld quality moniioiing s,«cra of Fig. 1. „„j , p^, of 

Fig. 7 is a penp^ive sccliona. .1- of •» ' 
1.;ts a flowcbai, of p.ocess« for — g . ,uam, of weld lo b. t»e of 
"ra"::^ w"r;U o* dau o„ imcnslUcs Of fi.«.d ,nfi.«d «ys 
.f ,1^, a tiding pan obse.ed by a pal, o, P-E — sensois .ad=. 

iJllg pan obse„ed by paii of senses ondei -le rcfeience «eld„g 
'°^L 11 is a sei of wavefom giaphs of specra, powe, dis.ribu.ions of inured 

,^ (Effective for a decision of poious state, 
trcqucncy lobeettectiveioriu r h,>r^v(>pn a welding speed and a 

TT- 1^ Jc a c-ranh showing a relationship between a weiuuifc y 
15 Fig. 14 IS a grapn snow, g different sheet thickness 

frequency to be effective for a decision of porous state, for 
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s^^^^' , . nf the Quality monitor in the 

Fig. 15 is an exemplary table stored m a incmor) of the quality m 

measuring system; ,u,„i™ of variation of effective 

Fig. 16 is a sectional view describing a mechamsm of vanaiio 

frequency band at a welding part; ^on-welded state of a lapped 

Fig. 17 is a perspective secuonal vjew of a non weioe 

portion of work; „ „„..i;tv,- nf weld bv a weld 

BE IS is a flowcton of processes toi monuomt » Quaht, of weia Dy 

, Fig. 19 is a set of waveform graphs each respectiveiy 

•. i„frflred ravs of reflected light of YAU tascr 
signal teptesemmg varying .n>»smes of m r»d rays o, 

beam in a welding accompanied by a confomms slalt o, 

, .prLun. va.y.s ..e^^s of '"j:: l^^^^^^^^ 

beam in a welding accompanied b> an under filled state P 
reference welding conditions; ^^^^j 

Fig. 21 is a set of waveform graphs representing Spectral ^^^^ ^ 
FFT op Jons of signal intensities of the electrical detection signals of Rg- 19 F^g- 

Fia 22 is a graph illustraring respective distributions of signal power sum data 
Fig. a grapu juw ^tate and contormmg 

associated wiU, Ae oider-fiUed slaK. porous slate, non-welded state, an 

Fi. '3 is a rapt having a region of two-axis c^rdinate system mapped 
. t.reon.:!d;fi.d,nLl.e,o„seover.ngres.^vcs^^^^ 

associated with the under-tUled state, porous state, non-welded sute. 

Fig '4 is a graph bav.ug the region ot two-axis cootdinate system mapped 
hereon with' a'boundary regton eoveriug mixed s,^a. PO- - 
,0 Fig 25 is an illustration describmg a procedure of . deoston 

of whether the quality of weld under ohse..artou -^J™"';; „„.ing par, 

Hg. 26 is an illustrauon of a vibration model of a melt region a. a wcl 8 P 



of a lap weld 
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will be detailed below the preferred embodiments ol the presem 
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i„v«„uo. «i.h reference ,0 rhe .con^panving .rawing.^ Uke «n.bers .e desigaa,ea 
by like reference characters. 

(First Embodiment) p^^c 
Fig. 1 Show, an «s«-Ual porUon ot a «e,. <,u»U.y mo„,.or.„g sys.™ QMS 
according ,0 an enrbodimen, o, *e inve„,>o„. n rs applied ,o a YAG 
0 Twrdlog sy-m for a veh,cle body »rica,io. i.ne of an a„,o.ob.le facro^y 
4 at Irrarl a eonceprrra, cons„,u„on of .he weiding .ys,e™ WS e«P= 
„1 ,ua,i,y n.o„i,ori„g sy.em QMS, 3 .hows » — ; 

DSl and . pair ot pho.o-d,od.s 8a, 9a conneced .hereto ,n a P-E »nv.m.g 
Lor of a measunng .ya.en, MS of ,he weld <,uali-y monnonng sysren, QMS, and 
; : .hows a —on of ,he dlf.ac,ion a,.,e. DSl, a signal ^-^'^^Z^^^ 
coUured widrone 8aof Ore pair of phoro-diode ^ 

rherefo in >he measuring .ysrem MS, and a quaUry nronnor OM of rhe weld ,ual, . 

momioring system QMS. tah vaG User 

11,e welding sysrem WS mdudes the YAG laser welder 100 and a YAG User 

o.a,a,orT AS in Bg. 1, .be laser welder 100 rs as a —no 

, laser gun 101. . pMn, bias, nozzle 102 (or pr«.aive gas « 

welder) and a pain, supply sys,em 103 (or gas supply system or * 

which are held ,n Ureir cooperauve posidons by a conrmo. hoi er W m * F gu e ^ 

a,e laser weldc, 100 is se, in a verUcal pcsiuon, where .he laser gun 101 has, a, a .op 

i To a as an inpu. end, .hereof, a. opdc^ fiber cable 2 conneced Aere.o to 

pan lOla (as np , conduced (as flux of ligh. 

famrdudng, mm die welder 100, a la.er beam i-B P J 

wilh a diverging .cndency) from die laser osciUa.orl. The laser gun. 

,he above.no,ed ,op pan 101a and a bo..om par. lOib (as an ou,pu. '^^t^ 
i„,ermedia.e lance par. lOlc configured as a ligh. convergurg opucal sysrem COS (Frg. 
2, for conv.rg,„gd,ein.rod„ced laser beam Ifll. ^ 

More specifically, .he opUcal sys.em COS has a 
collhnadng.ed..r.ng.aserbeamLB.i„»a..^^^^^^^^^ 
flux of Ugh., and a ligb. converg.ng len> 4 for convergmg n 

, IB2 ,0 be focused as a converged laser beam LB3 on a local pom. f » 
accur... posLion .0 a welding par. WP of work 5 (as a lapped — 
Wy pan 1 members 5. 5b) .o be lap welded. 1. is no..d .ha. *e weld..g p. W - 
par. (Of mel. re^on . assoeiared weld) under observalion (i.e. mom^g,, w uh 
■rrad.a.ed welding poin. mclus.ve, and has a leng.h (e.g ^J'^^l^/' 

5 corresponding .o an in.er.al ot bead (hereinafter somermres called bead secon 
bead", when re-solidifed, tor wh.cb a pred,c.ion otweld ,ual,.y .s made on 
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„^ At the welding part WP, its constiiueni 
«s o. ob.«,ion (i... by ,he — ^ soli— of 

maunals <..e once n,£lt by enersy of At U«r . 

n,AbywhKMl.ework5is,ob.Upwcld.da,tep3«*^ ^^^^ .^^ 

The «W ,»alU, monitoring »ysK™ Q»^S^ c°™° , ^„„„„„iea„ng 
.,s«. MS (Fig.. 2-4) »na .h. ^^H' ^of 6. 6b 

,Pi^. .) . ..Of fo. ....ea ...... 

« i„ustm=d in F,g. 1, .he pai. of scn.o,s ,04a of .he 

con,™n holder .04 of .he laser welder m m A..r « ^ P 
-. 30 depees and 90 ■ 62 = 80 degrees re au.e - - ° ^''^'^ ° ^„„i„„, , 
„,e bo.,on> par. 101b of .he laser ^ ^"^^ ^'^J^^^^ eleva.,on .o be 60 

degrees relMive .o a concerned surface Sf of work 5, ^ 

degrees rcladve to .he surface Sf of work ^^^^ 

6. makes a detection o£ such portion U (Ftgs. 3. 5) I" 

is refleced, and no. absorbed, by (. '-^^Jf ^1.. sfnsor 6b makes 
*e welding par, WP -^^^^^^"f^:,^::^^ .o. u plume « (ho. nreul 

a de.ccion of such pomot L2 (figs. 2, 3, 0) oi ugi 

plasma, Rg. 5) developed in .he welding m *f ■ 

to ,be weld quality monironng sys,en, QMS, here s rnad 
„e quality of weld at the weldtng par. WP -^^Jt ^^l^Ught which is 

ire:,: reSellf laser bea. for de„«^^^ 

. converter for converting instantaneous vary."6 — ^ 
Ul, U2 (Fig. 3, of .he ac.eaed ponton U ^ ^^^ ^^^^^^^ 
imocorrespondingelecmcal signals Ell, El. (l- g . ,espec.ivel,. The 
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elccrical »ig»..s E21. E22 (F.gs, 2^) wu. ins,™un.oas ,mplW.. p,op.r,io„.l .o .he 
r ^P-^"';"^- Y t path m to, inpuuins a 

the inoul light LI), and first and second output paths Dll, DU co s 

o„pu. paths DU, m2 to, toecng .h. h„c«ie, of d,tfrac„d ' S"^"^^ ^ 
„spcc.iU. Ukewis. ,h= plasmatic „Bh. senso, 6b is cont.g.«d w„h. d^-- 
vim DS2 (Figs. 3. 4). which has aa ,npu, pa.h D2 to, inpumng a pOTUOC U of 
; UgM a!ai,a.ie to, de,=c,io„. a ditt,ac,e, D20 to, « .npu. U 
L,oditt,.a..i^,L2:,U2<asnoxo«,«^ — 
L2), and fa aod second oulpwpa.bsD21.D22 for conduaimemc 

U2. and firs, and second pho«,Kiiodes 8b. 9b instiled in .he ou,pu, pa,hs D21, D22 
detecUnetiic imensi,ies of diffn-cd llgh. Ul. 122, «spc=.ively. 
Th. diffrace, DIO (o, D20 vice ve,^) has . 
po,n. be.ween .he inpu. and on,pn. pa.hs Dl and ^^^-^ ^^^-'-^'^^ 
™s minor W se.es: ,o, .nnsn,i.,i„g, .oward ,he f« ou,pn. P^^^" 
such ccmponems ot inpu. iigh. LI (L2, ,ba, have longer -^^;^';^^^ ''^Xr 
.avelengrh (500 nm in .his exanrpple). as ini.ially ditftaced hgbT UO (L20), and tor 
Tt^ .ing ,«ard .he second ou.pu. pad, D12 P22), So. of such visible compon ms of 
e npu igh. U (U) .h., have wave.eng,hs no. exceeding *e ^P-«^^/-f 
50 nm), af.he diffracud ligh. U2 (L22) .o be inpu. ,o .he second pho,M,ode 9 (9b , 
Le i.s in.ensi.v is convened in.o .he elecrical s,^l E12 (^22) -o « " 
corresponding measunng circui, 71a (72a). Fu,.he,, .he ~ ~ 
.he end of i.s opdcal pa.h D13 (D23) connected ,0 dte fn., on.pu. pa.h DU (D.l), ^ 
Zl^ncc filter H L transtnming. toward this output path DH (D21), mere flux of 
mtcrferencc ttlter .,..,,„ ..ff^cied lidn LIO (L20) that have wavelengtlis withm 

such components of tetntfallydiHiacted light Li"t J of 106 wi,. in .his 
a spetitted range (1064. 10 nm conesponding .0 YaC lase, of 1.U6 h . 
example), as the ditft^ced light Lll (Ul) to be inpu, .0 .he ftrs. pho.o-dtod. 8a (8b)^ 
Ze i,L,ensl,y is convemd into the electncal signa, Ell (E21, to he output .o a 

conesponding measuring circuit 71b (72b). , „h, i i ,L2i striktne 

ta othe, words, at the sensor 6a (or 6b vtce versa), ftm. hght LI (L^) st nktng 
.hereto (a, the let, end in f tg. 3) 1,0m ,he weidtng pan WP is sepatated by *e d.cb™ 
mino, 0 in a waveleng* selecting manne,, so thau on the one hand, flux ot vtstble 
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,a„ a lieh, L12 (U2) havl„g wavekngUis no. ««=<l.ng 500 nm a« reflected b, ita 
: co„d.c,ed a sc, ot p>a^a..c co.po«n.s of ,0 U,. ph«o^o« 

,a whcc vao..ng .n,e„.,y ,s convene, into ,he elccnca. 'JH (E2 )^ 
on J o.he, hand, of ,he suilUng Ugh. U (U, fton. .h. wCtag P"" 
.frared .ays o£ Ugh. UO (UO, haV.g passed did.ro.c mno, 10 f«r.h « s>. k h 
rrrfcrencc fi..« U, wbc.= flux of .nerc such compo„=n.s of Ugh. .ha, «s.dc w„h,n .h 
: vc..o,ea wav=U.g.h ,angc co„„pondi„, ,o Ugh. ^' J^^J^ (S^'h « ^ 
,mwavcl=ns<b U ttan.m...cd .o be coT,d.c.ed .0 ,hc pho.o-d,od= 8a (Sb), 
varying imcnsi.y is convened in.o ,he elecncal signal EH (E21) .0 be ou.pu. .0 *e 
varying .nKns,.y pi„„.diode 8a and *e measunng 

B measuring arcuit 7U (72a). U is noieo . ,. oi i. iPi» 41 in ihe 

dicuU 71a cooperaiively cons.i.u.c a firs, s.gn.1 processing te PUa (f* *) " 
rsuring sys.L MS, which Une Plla is employed tor delectton of an — of 
"2«can. porosi,, h, die weld » be moniiored b, use of reflecion of ^ laser beam 

LB3 in this erobodiraent. mpa^urms 
5 More specifically, in dK weld quaU.y mom.orag sys.em QMS, die measur^g 

sysle™ MS has ,wo d,ffrac,ion systems DSl and DS2, four P-'O^-^od-^, 9 »^ 
I. and four measuring circu..s 71. 71b and 72., 72b. As '^^"'f-'^'J^^ 
or^essing line PUa is conslilu.ed as a combinauon of .he pho.o.d,ode b. connected » 
1" on s,s.em DSl and ,he measuring circui. 71a. Likewise, a combmalion „ 
. Z phldiode'9. conneced ,0 .he diffracion sys.em DSl and .he — 

7,b consU.u.es a second signal pr«essiug line PLlb; a combinauon ^^^'^^ 
8b conneced .0 die diffracdon .ysrem DS2 and d« measurmg circui. 72a cons...u,es a 
Ld stl p,oc«si«g Une PL2a; and a combinauon of ibe pho.o-diode 9b conneced , 
The dZ.l .yslem DS2 and .he measunng circui. 72b cons.Uu.es a lou..h signal 

" '^'^'X^l .he fi.. Signal processing line PUa in Pig. 4. .he measuring 
circuU 71a (or 7ab; 0, 72a or 72b, vice versa, is configured wiUii a pre-sjage amplifier 
7 for amp ifying ih. elecrlcal sl^ai Ell (E12; E21, E22, from ,he pto.o-d.ode 8a 
^b I, .b, 11 elecical analog signal Ea having a necessary level or subse,ue„ 

30 processing, and a pair of si^al processing circuiis 73. 74 •'i^^^'^oM^ ^ 
an A/D (aoalog-o-digilJ, converter 7b for converring .he analog signal Ea ouipu. from 
iCuner 7a imo a corresponding digiul si^al Eb, and .he o.he. 74 ,s formed as 
combinarion of a band-pass fiUe, 7c for passing a se, o, such signal -P;-- 
analog signal Ea .ha. reside widim a specified frequency band. a.s a ^-''•P"" 

„ analog signal Ec. and an A.D convene, 7d for convening .he ^^^Oi -m^^^" ; 
correfponding digital signal Ed. In the measuring circui. 71a (71b; 72.. 72h. Fig. 4), 
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designated by reference characters OPl and 0P2 arc operational amplifiers, Rl to R6 
are resistors, and CI is a capacitor. 

Tte ,u^i.y moMtor QM is configured w„h a PC (p=™>Ml cc„np»,a) 7 
connected V. ,he signal pro«s^.g circuUs 73, 74 of «ch signal P'--"« " 

5 ,o»cb.pa.el .ypc display 7f connccKd ,o ,he PC, and an ta.an.al or .«cn..l mcmorj 
;:^d for I PC. T.e PC 7= ,s .dap.ed, prog«.. .o ^ «ad 
L™, 76, for nacessar,. lunaion. ,0 exacuK various processes descbed herern 
r„Idi g those for c.icula,mg = Mueney d.s,.b„rio„ of ha»o„ic «-P-«- o 
input s,^i (Eb), calcularing a value of sigru.! power in a specified frequency ba»i o 

,0 Tnp . ^^al U or Ed,, and nralcing a decision on a qualiry of weld a. .he welding par. 

ilag frames sen. 6on. .he PC, including of a resulun. decision on , e w« 
IL The n.e„.ory 7g includes ROM (read only memory, and BAM (randon, 
a^^^lenrory, f6, sroring various pro^n.s and daia, as necessary for .he n,on.,oru,g 

1 5 described herein. . . w p r.f xvnrk 5 

fig 5 describes why .he quah.y of lap weld 24 a. a welding par. WP of wort 5 
is predicable by analysis of Ugh. LI, U2 lion, die welding par. WP. Fig. 6 iUus^ies a 
poLs s.a.e Of re-sol.dif,ed lap weld 24 of .he work 5, «.d Hg. 7 ill« a. unto^ 
fflled s,a,e of resolidified lap weld 24 of .he work 5. I. is no.ed .ha. F.g. 5 .s . s=a.on 
» alons a welding direcUon WD of work 5, and Figs. 6 and 7 """""J 
Views, m .his embodin-en,, .he work 5 is supposed as a lapped — - » 
vehicle bod, pand members 5a, 5b, ,ha, is. a pair of s,«l shee,s 22, 22 each 
respecively formed wid, Zn (anc, layers 21, 21 pted on bo.h sides ^hereof. 

in Fig 5 as a converged h.gh-power density laser beam LBS from die YAO 
„ laser welder 100 ,s .ad,a,ed on a weldmg par. WP of a lapped portion 20 of 4e work 5 
.he irradia.ed weldmg pan WP is caused .o melt, by energy .ra»sm,ned ^ 
laser bean. LB3, so .ha. a. a leadir,g or fron. end 24a of a bead secuon of ,e.sol d,f,ed 
lap weld 24. a meh region 26 has a (subs«ially semi-sphencal, paiabol.e, o, 
columnar) keyhole 25 formed tfieretough by a plume 28 of high-pressure h.^- 
30 .empe„ture meral (Fe)plasma developed ,here.h,ough. The Zn '»V"S 21 plated o,, he 
s.eel shee. 22 as a base material have a fai lower meUing po.n. than the steel shee. J, 
are vaporised when .he s.eel shee.s 22 meh, so ,ha. vaporised z. (confined rmder 
pressure, between the lapped sheets 22 may burs, fonh, in .he form of Zn vapor ,«s 27 
Lugh a (subs,an,ially quadrisec-spheroidal. half-paraboloidal, or hal^mbul- 
■i, meltins front penphery 26f of ,he me,, region 26, ta.o d,e plum. 28 and a (s.bs.an..a^l) 
quadHsec.-sphero.dal, halt-paraboloidal. or hafrtubular, soHdif,ca.,on-s,artmg rear 
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periphery 26: of mcU reg,an 26, causing the melt re^on 26 to v.brate^ a . 
L lap ^veld 24 may have a porous state 23 w.h no.-conformtng traces of Zn v per .e 
27 left in the rear periphery 26r, such as significant pores (blo^vholes), when tlus 
periphery 26 is re-soUdified, as illustrated in Fig. 6. 

It is noted that, as will be discussed later with reference to F.g. 26, the mel 
region 26 exposed to the plume 28 >s forced to vibrate, depending or. vacations ot 
plasma pressure, as well a. on how and when Zn vapor burst.. It also is noted that, as 
the welding part WP advances in the welding direction WD, the (melt.ng) tront 
periphery 26f of a current melt region 26 constitutes the (solidification-^startmg) reax 
periphery 26r of a subsequent melt region 26 and, as ased herein, "re-solidification of a 
melt region 26" (to be observed within a significant tnne period) actually oceans ^ 
includes "solidification at a boundary of a rear periphery 26r of the melt region 26 (to 

be observed within a shorter time period). 

The beam LBS of YAG laser has a wavelength about 1.06 , which is short 

so that YAG laser rays are substantially transmitted through the plume 28 (i.e. with Uttle 
reflection on or in the plume 28 which is transparent to the laser rays), thus striktng on 
an inside 26g of the front periphery 26f of vibrating melt region 26, -^ere they are 
partially absorbed, thereby supplying thermal energy to the viamty of an outside 6h of 
the front periphery 26f as a melting frontier of the bead section 24, and the rest ot laser 
beam (as well as par, of radiation of the plume 28) is reflected at the in«de 26g of the 
front periphery 26f. As the inside 26g is vibrated in a complicated manner, the flux of 
Ught reflected therefrom also has a varying density. This den^ty can be detected as a 
varying intensity of light observed at a fixed angle, which intensity can be processed by 
way of a spectral analysis to obtain significant data on . current state of the melt region 
26. that is substanrially associated with a slate of re-solidified weld lo be predicted for 
use in decision on 8 quality of the weld. 

AS the weld quality now in concern is a porosity of a bead section of the weld 
24 (Fig 6) the data to be obtained will be most significant, when the varying intensity 
of light ts observed at an observation angle .hat looks the mid of keyhole 2:,, or more 
preferably at such an observation angle that looks a wall part 26i at the inside 26g of 
the front periphery 26f of melt region 26 corresponding in vertical position to the plated 
Zn laver 21 between the steel sheets 22 of work 5. Accordingly, the first sensor 6a 
employed for use in decision on a porous state of weld 24 is set at a higher or greater 
angk of elevation (61) than the elevation angle (62) of the second sensor 6b The 
elevation ( 81 ) of the first sensor 6a may preferably be set within an angle range ot 
degrees to 70 degrees, where reflection representing variations m motion of the front 
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periphery 26f of meh region 26 can be caught wUhout interference with radiation of the 
Ler bearrt LB3 focased on the welding part WP. More preferably, ii (01) may be 
optimally set at an angle about 60 degree., with corisideratton. takert of associated 
welding condiiions such .s sheet thickness, inter-shcct gap, laser beam's power and 
5 focal potnt. It is noted tha, the second sensor 6b, which is set lower in elevauon than 
the first sensor 6a, look, a top 26j of the melt region 26 and an upper part 28a of the 
uanspaxent plume 28 developed thereabove. and that this sensor 6b is unable to catch 
such vibrations of melt that are so fast and unique (to (he melt part 26i) as to be 
responsible for the decision of a significant porous sute 23 to occur or not when re- 

10 solidified. . . , 

Fig 7 shows an under-filled state 31 of weld 24, in which the pair of pa»el 
member. 5a, 5b of Zn-plated steel sheet work 5 have therebetween a lap-welded portion 
20 with a greater inter-sheet distance or gap 30 (looser contact) than required tor 
conformity, where part (26k) of the melt region (26 under the condition of Fig. 5) was 

1 5 filled, causing a surface (26m) of the melt region (26) to be over-recessed after which 
the melt region (26) has been re-solidified, providing the weld 24. Such an under- 
filled state 31 of weld 24 is preferably predictable by specual analysis of hght detected 

at the second sensor 6b, 

Fie 8 is a flowchart of processes (in the computer 7e) for monitoring a quality 
.0 of lap-weld (to be free of significant porous or under-filled state) in accordance with an 
embodiment of the invention. Fig. 9 to Fig. 12 illustrate data obtained for spectral 
analyses of light detected by the fir.t and second sensors 6a. 6b under the following 
reference welding conditions: YAG laser output. 3 kw at the welding part WP- panel 
members 5a, 5b. 2:n-plated steel sheets 0.8 mm thick each, and weldmg speed. 4.5 

25 m/min. ,,^0 
AS the YAG laser beam LB3 is irradiated to a frontier of the welding part WP 
in the lapped portion 20 of the panel members 5u, 5b as Zn-plaied steel sheets the 
frontier of the welding part WP is meU with thermal energy of the laser beam LB3, so 
ihat the weldmg pan WP has a melt region 26 with a keyhole 25. which (25) is formed 

3C by a plume 28 developed therethrough and defined by the combination of a front 
periphery 26f as a melting part of the melt region 26 and a rear periphery 26r us a part 
of the melt region 26 to be re-solidified. THe plume 28 and wall of the keyhole 25 (as 
a combination of the front periphery 26f and a front part of the rear periphery 25r) are 
very hot. and radiate visible rays of light and infrared r.ys, which are detected by the 

35 first and second sensors 6a and 6b (Fig. 1) of the weld qualuy momtoring sy.tem QMS 
together with such rays of laser beam LB3 that are reflected tirom the wall of keyhole ^. 
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m the n^omcormg .ystem QMS, those rays of light detected by the fii^t and 
second sensor. 6a and 6b, U., opt.c. s.,nals U (a. .he sensor 6a) and L2 (at the s^n^r 
6b) enter the d.ffraction systems DSl .nd DS2 (Fig. 3) the sensors 6a^d 6b, wher 
Jy are diffracted into four optiC analog detecrion s,^als LU VAG a^ 
lOe^m, in LI), L12 (visible light under 500 nm, m Ll) and L21 (YAG laser hgh 
1.06, m. in L2). L22 (visible Ugbt under 500 nm, in L2), which are processed by the 
signal processing lines PL (PLla. PLlb and PUa, PUb) (F.g. 4) to provide foor sets of 
elLcal d^gital detection signals Eb, Ed to be processed m the cornputer 7e ot h 
quality monitor QM for monitormg quaUt.e. of re-sol,dif>ed wcld 24 (Ftg. 6, Fig. 7) at 
he current welding part WP (Fig. 5) by way of prediction. In the sr^al processing 
lines PL (F.g. 4), the optical detection signals Lll, L12 and 121. L22 str^e on the 
photo-dtodes 8a, 9a and 8b, 9b of the sensor. 6a and 6b, -JPf ->>;;^"! '^^^ 
converted into four electrical analog detecuon signals Ell. ^'l^'^'f'^^^^^^^ 
which are input to the measunng circuits MC (71a. 71b and 72a, 72b) Bg^ 2) - re 
they are amplified by correspondmg amplifiers 7a (F.g. 4). then amplified detection 
signals Ea are processed, on the One hand, by four processing circuits 73 respectively 
including A/D converters 7b to provide a group of four digital detection si^aU Eb 
(whole spectral components), and on the other hand, by four processing Circuits 74 
respectively including band-pass filters 7c and A/D conveners 7d to provide another 
group of four digital detection signals Ed (exclusive spectral components). 

At a step Sa (Fig. 8), four sets of thus obtained signals Eb, Ed are sampled m 
order by the computer 7e, and stored in the memory 7g, as four sets y^'^l^^^'J^^ 
respective wavefomis of analog detection signals Ll 1. Ll2 and L21, 122 (or Ell, E12 
and E21. E22), which represent varying intensities (as densities of flux) of such 
diffracted components of detected light Ll and L2 that reside in --^l-^;;;^^^^^^^^^^^ 
500 nm- >1 06^.m) defined by combination of dichroic mirror 10 and interference 
filter U (Fig. 3). It is noted that, among a total of eight types of digital signals Eb (for 
Ul, L12 and L21. L22) and Ed (for Lll, L12 and L21. L22), selected one (for example. 
Ed for Lll) or more may preferably have a priority (or priorities) to be sampled, as 
necessary for monitoring a concerned quality (for example, absence of significant 
porosity) or in consideration of an available memory capacity. 

Fig 9 IS a set of waveform graphs (by .txtPpk or .txtPp) of stored data (item 
nos 40962B and 40962) on intensities of filtered infrared rays of light from the weld.ng 
part" WP, i.e., on electrical detection signals (Eb for Lll and L21) obtained frorn 
.flection substantially of YAG laser beam LB3 (at the wall part 26i in keyhole 25 and 
the top 26j of melt region 26. and though a little, radiation from the plume 28 and melt 
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region 26) under the ubove-noted reference welding conditions (for beads of aruc e), as 
the data are sampled in the COmpater 7e at a Sampling frequency of 20 kHz. In the 
waveform graphs, the ordinate and abscissa represent a signal tntens.ty (ampUtudc) and 
a lapse time, respectively, and reference characters YH and YL denote data on tempora 
5 variations of infrared reflection intensities caught by the fir>t sensor 6a htgh of 
observation angle and the second sensor 6b low of observation angle, -^P^^-l^; ^" 
Fig. 9, Shown by graphs at the left are data of a bead section (LH6810 Wtth a 
conforming quality of weld (OK WAVEFORM), central ones are data of a bead sectton 
(LH#15) with a significar^t porous state (B8 BLOW NG), and right ones are data of a 
,0 bead section (RH#15) wuh an under-ftUed state (BSUndcr). In the case of under-fiUcd 
bead section, its YH and YL waveforms are apparently different from those of 
conforming bead section, so that the decision for an under-filled state can be easily 
made However, in the case of porous bead section, of which YH and YL waveforms 
appear little different from those of conforming bead section, it is difficult for a simple 
1 5 comparison of the former with the latter to give an ensured decision for the former to be 

Fig 10 is a set of waveform graphs (by .txtPpk or .txtPp) of stored data (item 
nos 4096B and 4096) on intensities of visible rays of light from the welding part WP, 
U ■ on electrical detection signals (Eb for Ll2 and L22) obtained from radiauon 
-.0 substantially from the plume 28 and melt region 26 (and though a little, reflection at the 
wall part 26i in keyhole 25 and the top 263 of melt region 26) under the above-noted 
reference welding conditions (for the beads of article), as the data are sampled m the 
computer 7e at a sampling frequency of 20 kHz. In these waveform graphs, the 
ordinate and abscissa represent a signal intensity (amplitude) and a lapse time 
respectively, as described, but reference characters PH and PL denote data on tempora 
vacations of visible radiation mtensities caught by the first sensor 6a high of 
observation angle and the second sensor 6b low of obseivation angle, respecuvdy. In 
Fig 9, shown by graphs at the left are data of the bead section (LH68IO) with a 
conforming quality of weld (OK WAVEFORM), central ones are data of the bead 
section (LH#15) with a significant porous state (B8 BLOW NG), and right ones are data 
of the bead section (RH#15) with an under-fiUed state (B5Under). In the case of 
under-filled bead section, its PH and PL waveforms are apparently different from those 
of conforming bead section, so that the decision for an ander-filled state can be easily 
niade However, in the case of porous bead section, of which PH and PL wavefoirris 
appear little different from those of conforming bead section, it is difficult for a simple 
comparison of the former wuh the latter to give an ensured decision for the former .0 be 
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porous. 

Like this, it is difficult for a simple examination of temporal jntensjty 
variations of reflected light and visible light detected by the sensors 6a and 6b to 
conclude a distinction between confonning bead section and porous be^id section. 
5 Therefore, at a step S2 of the flowchan of Fig. 8, among waveform data stored m the 
memory 7g, data on YH waveforms (Eb for Lll of 40962B and 40962) as temporal 
variations of infrared reflection caught by the first sensor 6a high of observation angle 
are read in the computer Ic, where they are processed by a programmed operator for 
calculaimg an FFT (high-speed Fourrier transform) of their signal intensities to provide 
10 frequency characteristics of the YH waveforms, each as a spectral distribution ot sigr.al 
power over a specified frequency range (0 to 2000 x 50 Hz). 

Fig. 11 shows a set of power distribution waveform graphs of thus obtained 
data (FFT of YH). In the wavetbrm graphs, the ordinate and abscissa represent a level 
of relaiivc signal power and a fr.iquency, respectively. The relative signal power 
15 (sometimes simply called "signal power", as us.d herein) is a dimensionless index 
indicating how much the integration of power of signal components amounts within an 
associaied quantization slot of frequency. As will be apparent from comparison 
between left and central graphs of Fig. 11, the FFT operation of signal intensity 
provides a distribution of relative signal power which has a significant difference even 
20 between conforming bead section (LH6810) and porous bead section (UH#15). More 
specifically, die power distribution of confonning bead section has significant peaks of 
relative signal power within a frequency range of 100 Hz to 500 Hz, while that of 
porous bead section has significant peaks of relative signal power within a frequency 
range of 0 Hz to 1000 Hz. In this embodiment, such a difference of power distribution 
25 is evaluated for the weld quality monitoring to be ensured, in the following manner. 

At a step S3 of the flowchart of Fig. 8, there is calculated, for a respective bead 
section of weld in concern, a sum of signal power of componems within a range 
between 605 Hz and 650 Hz by using waveform data after the FFT tiansform of signal 
imensities. Then, at a step S4, a decision is made of whether or not the above-noted 
30 sum exceeds a reference value 170,000. If the sum exceeds the reference value (YES), 
the control flow goes to a step S5. where a decision is made for ihc porosity to be 
excessive (in the sense of significance). Unless it exceeds the reference value (NO), 
the control flow goes to a step S6, where a decision is made for the porosity to be wiUim 
a normal range. The result of such a decision is indicated on the display 7f. 
35 ii ifi noted that, for calculation of the relative signal power as a dimensionless 

index (x,^) for an i ih one of I frequency bands, for a j-ih one of J bead sections of weld. 



15 



2002-02-25 1 9:08 JE^-FOLSY 



|J£-MlYO$ltMIYCSI 



T-193 P.019/C55 y-240 



10 



15 



20 



25 



30 



- , k^r*:. "T' ' T" and "K" are specitied integers, 
and for . k-th one of K observed articles, where II. a.d K a P 
and -i ' Y ^nd "k " are arbitrary integers i>oi exceeding I, J. and K. respectively m 

IpJat'or .a. once detenn.ed or .s ,ven . .^^^ ^ Z:^! 
average vector {m.^; k=0>. a standard deviation vector ( o . k 0}, and a ta 
vector (X , k = 0} a. a set of I normalised indices x,o of signal power, for a esp ctive 

ih bead section of the k-th observed article, a set {x.,k) ot associ 

H«.rmi J .» (» X m) co^Won matrix il.e«b«we.» and .n (m x m) inveise 

1 r:C)* 0. '^^^ R(..,, » - 

Th. ,.f.rc„c. bead scco, ™y pref=r*ly be a confon.mg on. of observed b«.d 
sections so that data of this bead seclioi. carr be convenientlj re-used. 

Nex, a. a step S7, on the basis of dimensionless index set (x„.) ^ mveBe 
tnatnx Ar fo, j-th bead sect.on ot It-tb obs^vcd a«ic.e, there is calculated a 
riondr; valu of a standardized dispersion in ternts of a Mahara^bis d,s,«.ce 

i,L ™>s 40%2B and 40962) b, processing a correspondine set ot tesu tan data of *e 
Z ^e^tion, that is, a data set of characteristtc ..nantities as '-^ of ^^^"^ 
power of a spectral tvavetortn in Fifr It. 11.= Maharanobts dtstance n, terms ot D, or 
^ an al ebraic distance representing how far a set of characteristic ^noty of th 
^ sl^al po«r wavetom, at a current welding par, of a bead section ,« 
^er^al ( .g. 40962, is spaced front that of me reference bead secnon, tn a v^or 
td nomtalLed relative to the set ot charactertstic ,uant,Ues o, signal P^w" — 
„f the reference bead section, f ,g. 12 is a gra,* o, whtch ordntate at^d a^^ 
represent the sum of FfT si^al power and the Marharanobis drstance tn log^*m. 
re resentation. and on which tour typical sets ot Maha^nobts .star, s (a 
CO responding weiding parts ot porous, fine porous, conforming and 
sections) are mapped to show th™ dtstrtbuttons that depend on respectrve sets 
characteristicquanlitiesotassociatedstgnalpowerwavelornrs. ^, 

At a step S8 of the flowchart of Fig, S, thete is made a decston based on such 
distribution Of Maharanobis disunces, as ,0 whether o, not the bead 
Observation has at the current weldtng par. a h^aharanobis ^'^^^^ ^^^^^^ 
rtoeshold or reference value 1000. It the Maharanobis dtstance ,s m excess (YES), 
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. .ten S9 wher. . decision is made for an under-filled state to 
control flow goes 10 a step S9, wfietL ^ 
occur, unless it is so. the tlow goes to a step SlO. where a 

undei-fiUed siate lo occur. Tiorositv is excessive, 

. .... a . depen.- on - ^ , „, 

12, MahaianobU dis.anccs of pomus b«d sccoon re 

^„«.a>ion of . ra„.c of MaharanoMs d..a„ce .„d« . a„a S^^^^ 

apptoH. <^ .0 «ddi»g speed a.d,or sh«. ''"'^'^ " ^„ fti^^^^ 

Z of w..di». co^dMons d,£fe.e„> Z^^l^^ '^^^ » °^ 

.e paniCar fre,.eno, "^^^^ It^rva^a,! of .e,d.„s sp-ed 

may preferably be varied. This is because, 6 ^.^.^^ 

a„d/or Sheet thicl^ess. the p^ticular ^^^^^^^^ '^'2^^^^^ Have a m.ntatned 
porous state varies. In order for . dependence on 

accuracy, an optimal frequency band therefor is sclecteo. 

welding speed and/or sheet thickness. examined 
- o,d„ ,0 .eep ^^^^^^^^ :Zrrof va^ed wcfd., 
how .he particular frequency band should he changed 

.„d,o. Sheer ihic^ess, .„ " " ^ .elded. «eld,., 
Zn.pla,ed s..el sheers 0.8 riirii arid 1.0 ih ck were i pp ^ 
0 ,peedwasvanedbeiween3.0oi/n.into5.0m/m.n- YAO laser p 

" " "tr;:. is .ow .ade of a case i„ whrch .he 

irurrplss,':— ,eda,e„de„cvfor.es...powe„orisew„hi„a 
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frequency band of 0 Uz to 50 Hz. As .he sheet ihickness sum decrea«d, the signal 
power tended to nse within an enlarged frequency band. Fig. 13 shows a result of this 
expenmem. ^^^^^ ^^^^^ ^^^^ ^.^ ,^ ^ ^^^^^^^^^ ^^^^^ 

5 1000 Hz for a sheet tbictoess sum of 1.6 it^m. a frequency band of 0 H. to 800 Hz for a 
Sheet thickr^ess sum of 1.8 mm, a frequency band of 0 Hz to 700 Hz for a sheet 
thickness sum of 2.0 mm, and a frequency band of 0 Hz to 500 Hz for a sheet thtckness 
sum of 2.4 mm. Accordingly, tor a decision of porous state, depending on w-^tat mm 
the sheet thickness sum is, it is determmed which frequency band to be selected. It .S 

10 noted that the quality monuor QM of measuring system MS (Fig. 4) has stored tn the 
memory 7g such a relationship between sheet thickness sum and frequency as shown m 

Description is now made of a case in which the welding speed was changed. 
In this experiment, the change of welding speed was between 3.5 m/min to 5.0 rr^mm 
15 for a sheet thickness sum of 1-6 mm, and between 3.0 m/min to 4.0 m/mm for a sheet 
thickness sum of 2.0 mm. For either sheet thickness sum, as the weldmg speed 
increased, the signal power tended to rise within a narrower frequency band. Fig. 
shows a result of this experiment. 

AS shown in Fig. 14, for the sheet thickness sum 1. 6 mm, the signal power 
20 rose high in a frequency band of 0 Hz to lOOO Hz at a welding speed of 3.5 m/mtn a 
frequency band of 0 Hz to 800 Hz at a welding speed of 4.0 m/min, a frequency band of 
0 Hz to 700 Hz at a welding speed of 4.5 m/min, and a frequency band of 0 Hz to 600 
Hz at a welding speed of 5.U m/min. , . . 

For the sheet thickness sum 2.0 mm, the signal power rose high m a frequency 
25 band of 0 Hz to 800 Hz at a welding .peed of 3.0 m/mm. a frequency band 0 Hz to 
700 Hz at a welding speed of 3.5 m/min, and a frequency band of 0 Hz to 600 Hz at 

welding speed of 4.0 m/min. 

Accordingly, for a decision of porous Stale, depending on what m/mm the 
welding speed is, it is determined which frequency band to be selected. It is noted that 
30 the qualitv monitor QM of measuring system MS (Fig. 4) has stored in the memory 7g 
such a relationship between sheet thickness .um and frequency as shown m Frg. 13 aa.d 
such a relationship between welding speed and frequency as shown in Fig- 14 lor 
various sheet thickness sums, as a set of data listed in the for^ of a Table-1 shown m 
Fig 15 The Table-1 has various welding speeds listed in a matrix of addres.es 
defmed bv combination of a row of different thickness tl (Fig. 16) of upper sheet 5a and 
a column of different thickness t2 (Fig. 16) of lower sheet 5b, each for access to a stored 
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frequency lo be effcc.ive for a decision of por.u. state. For example, an address of 
weldmg speed 3.5 m/min defined by combination of an upper sheet th.ckness tl of 1^ 
mm and a lower sheet thickness t2 of 0.8 mm leads to a frequency band of 0 Hz to 800 
Hz to be effective for use .t the welding speed 3.5 m/min for a sheet thickness sum of 
i 2.0 mm. as shown in Fig. 14. Likewise, an addres. of welding speed 5.0 m/min 
defined by combination of an upper sheet thickness il of 0.8 mm and a lower sheet 
thickness t2 of 0.8 mm leads to a frequency ba.d of 0 Hz to 600 H. to be effective tor 
use at the welding speed 5.0 m/min for a shed thickness sum of 1.6 mm, as shown m 
Fig. 14. 

0 Uke this, ihe frequency to be elective for a decision of porous state vanes m 

dependence on variations of nominal sheet thickness and welding speed, which may- 
well be associated with a difference in configuration of the melt region 26 or keyhole 2:. 

(Fig. 5) in analysis of weld quality. 

Fig 16 describes this mechanism. Upon irradiation of YaG laser beam, 
5 lapped sheets 5a. 5b have a melt region 26 with keyhole, of which the configuration 
varies in dependence on an apparent shce, thickness sum and welding .peed, so that it 
has a greater depth H (I.e. elongated or increased in an aspect ratio H/D relative to 
width D), as the sheet thickness sum increases, or has a smaller width D (i.e. elongated 
either, but decreased in the aspect ratio H/D), as the welding speed mcreases. It .s 
10 noted that the apparem sheet thickness sum equals to a sum of tl + t2 . g (an mter-sheet 
gap), i.e , the nominal sheet thickness sum (tl ^ t2) ^ the inter-sheei gap (g). In 
calculauon of the aspect ratio H/D, the depth H equals to the apparent sum. However, 
for designation of address in Table-l. the nominal sum is used, as the stored data is for a 
typical welding, where the mter-sheet gap is properly set. 
95 AS described with reference to Fig. 13 and Fig. 14, the frequency to be 

effective for a decision of porous state is lowered, either when the sheet thickness (sum) 
increases or when the welding speed increases. This is partly because of an increased 
a.speci ratio H/D due either to an increased sheet thickness (sum) or an increased 
welding speed, accompanying a melt region with keyhole to be elongate with a lowered 
30 resonance frequency, thus resulting in a reduced frequency band where the signal power 
lends lo rise. 

Jt may thus be preferable to reC0gni2e, by use of a CCD camera or the Uke, a 
meU region with keyhole as a cx:nfiguration model to be based on for determination of 
aspect ratio H.D. to thereby determine an effective frequency for a decision of porous 
35 state. 

(Second Embodiment) 
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There will be described below a weld quality monitorine method and .yste«. 

nuality of weld chat may be under-filled or non-weldcd, and is drffcren 
Lbodirnentinwhichadeci.onis.adeforaporouss^^^^^^^^^ 

The weld quaUty monitoring system and an assocated we.ai g 

therein from a memory ig, i ■„ ■Rrct embodiment, a function 

d«c*ad he,c.„, including: ,„ .ddi„o„ ic t^m^ " *X„cy ba»ds, 
ro. calcui^ing a value of signal po.« i= a rcspcc v - "' ''^ 
,, , f« f,e,u.ncy band fo, de,»in6 - s,ai=; a 

dcecin, a po.o. s,a,. a„d a ,«i ^^"^l^^lTZL,,, „ under- 
t»cii»n for malcing a d«,s.od for a « * " ^ t„„„,„„ ji.idine 

.Ucd «a,e. a porous ^^^:;;^^:Z..«^ oe e,.c,rica, de,ec,i«n 
(a region coverag) a sei of dala on liitie p of (sub-rcsjons covering) 

Signals s«.red for a respeoive welding parr, .n.o a plural.,> of (sub reg.0 

a— g .0 - — \: - 

Fig. 1 to Fig. 7 and Frg. 17 to Fig. .5 r.g ,i„if,cw under-fiUed. 

eornp^ar 7e, for monitoring a ^^^^^ Z'^,^, ,or spec... 

, or non^.- „e f.Uo»ing 

3„al,s« of hght detected by t ^ ^ ^^^^^^^^ ^. 

— . Crste:r:rO.S l .M. eac. ana ..d.g s.ed, ... 



m/min 



30 



35 



„ i, noted ,l»t the present embodime,.. is adapted also tor detection of a non^ 
.e,deds::.:::"saJc„nforn.ngs,.eof.«topr.*^^^^^^^^^ 

streng*. Fig. .7 s>.ws a .y.tca> " ^e-rd The non- 

panel nien>bers (i.e. Zn-plat»J steel sheets, 5a 5 lap^d » 

welding part. i^c^r hpim LB'^ is irradiaied to 

AS described with reference to Fig. 5. as a YAG laser beam LB. 
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The plume 28 and wall of the keyhole 25 arc very hoi, and radiate visible rays ot light 
and infrared rays, which arc dciecied by The first and second sensors 6a and 6b, together 
with such rays of laser beam LB3 that are reflected from the wall of keyhole 25. 
Detected rays of light arc converted into four electrical analog detection signals Ell, 
5 E12 and £21, H22 (Fig, 3), which are processed in measuring circuits MC {71a, 71b and 
72a, 72b) (Fig. 2), to provide a group of four digital detection signals Eb (whole spectral 
components), and another group uf foui digital detection signals Ed (exclusive spectral 
components). At a step S21 of the flowchart of Fig, 18, four sets of thus obtained 
signals Eb, Ed are sampled in order by the con^puter 7e, and stored in the raemoiy 7g, 

10 Fig. 19 and Fig. 20 are waveform griiphs of stored data on intensities of filtered 

infrared rays of light from the welding pan WP, i.e., on electrical detection signals (Eb 
for Lll and L21) obtained from reflection substantially of YAG laser beam under the 
above-noted reference welding conditions. The data are sampled in the computer 7e at 
a sampling frequency of 20 kHz. In the waveform graphs, the ordinate and abscissa 

15 represent a signal intensity (amplitude in voltage) and a lapse time, respectively. 
There are shown lime-dependant variations of infrared reflection intensities caught by 
the first sensor 6a high of observation angle. In Fig. 19, upper and lower graphs show 
waveforms of signal intensity for a "conforming bead section" thai has a conforming 
quality of weld and a "non-welded bead section" that has an incomplete weld, 

20 respectively. In Fig. 20, upper and lower graphs show waveforms of signal intensity 
for an "under-filled bead section" that has an under-filled weld and a ''porous bead 
section" that is significant in porosity of weld, respectively. As is apparent from 
comparison of those graphs, the under-filled bead section is different in waveform from 
any other bead section, so thai the decision for an under-filled state can be easily made. 

25 However, the non-welded and porous bead sections appear little different in waveform 
from the conforming bead section, so that it is difficult to see through weld qualities of 
the former bead sections by observation of iheir waveforms. 

Like this, it is difficult for a simple examination of temporal intensity 
variations of reflected light to conclude a distinction between conforming bead section 

30 and non-weided bead section, as well as between conforming bead section and porous 
bead section. Therefore, ai a step S22 of the flowchart of Fig. 18, among waveform 
data stored in the memory 7g, data on waveforms representing temporal variations of 
such infrared rays of light that are reflected at a current welding part and caught by the 
first sensor 6a high of observation angle arc read in the computer 7e, where they arc 

:i5 processed by a programmed operator for calculating an FFT of their signal mtensities. 

Fig. 21 shows a set of power distribution waveform graphs of data obtained by 
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applying ihe FFT operator to the waveforms shown in Fig. 19 and Fig, 20. In the 
waveform graphs, the ordinate and abscissa represent a level of relative signal power 
and a frequency, respectively. The relative signal power is given as a dimensionless 
quantity (area) representing how many signal components of associated frequency are 
5 contained. 

As will be apparent from Fig. 21, the FFT operation ot signal intensity 
provides a distribution of reiaiive signal power which has a significant difference 
among conforming bead section, non-welded bead section, under-filled bead section, 
and porous bead secuon. In this embodiment, such a difference of power distribution 

10 is evaluated for the weld quality monitoring to be ensured, in the following manner. 

In waveform graphs of Fig. 21 obtained by FFT operation of signal iniensilics, 
there is set for detection of under-filled state a first frequency band ranging 0 to lOlX) 
Hz, and, likewise, for detection of porous state a second frequency band ranging 0 to 
1000 H2. The setting of such frequency bands is based on experimental results that 

1 ii show occurrences of under-filled state and porous state can be clearly detected in those 
frequency bands. Although the first and second frequency bands arc set to be identical 
in this embodiment, the (second) frequency band to be effective for deieciion of a 
pQrous state needs to be changed m dependence on sheet thickness (sum) and welding 
speed, as described in the first embodiment. For a certain sheet thickness or welding 

20 speed, therefore, the second frequency band for detection of porous state may preferably 
be changed, for example, to a range of 0 - 600 Hz. 

In addition, for detection of a non-welded state, there is set a third frequency 
band ranging 3000 Hz to 6000 Hz. As is apparent from Fig. 21, when non-welded 
state occurs, signal power of this frequency band tends to go higher than signal power 

i25 when under-filled state or porous state occurs. The setting of this frequency band also 
is based on experimental results that show occurrences of non-welded state can be 
clearly detected there. 

Signal power sum of those frequency bands are determined and mapped on an 
imaginary two-axis coordinate system, as illustrated in Fig. 22. In the imaginary 

30 coordinate system, the ordmaie and abscissa represent signal power sums in the (first 
and second) frequency bands ranging 0 Hz to 1000 Hz, and a signal power sum in the 
(third) frequency band ranging 3000 Hz to 6000 Hz, respectively. 

For example, in the case of an under-filled bead section which provides such a 
waveform as shown in an upper right graph of Fig. 21, there is determined a 

35 combination of an area defined by a waveform within the frequency band ranging 0 Hz 
to 1000 Hz and an area defined by a waveform of the frequency band ranging 3000 Hz 
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to 6000 Hz, and this combination is mapped on a coordinate of which the ordinate and 
abscissa correspond to those areas. By such mapping, it Is observed that under-filled 
bead sections (triangular mark) tend to be distributed within a sub-region that is 
relatively small of signal power sums of ordinate and abscissa of the two-axis 
5 coordinate system. Likewise, porous bead sections (square mark) tend to be 
distributed within a Sub-region that is relatively small of signal power sum of ordinate 
and relatively large of signal power sum of abscissa of the two-axis coordinate system, 
and non-welded bead sections (rhombus mark) tend to be distributed within a sub- 
region that is relatively large of signal power sum of ordinate and extends over an entire 
10 section of axis of abscissa of the two-axis coordinate system. Further, it is observed 
that conforming bead sections (round mark) tend to be distributed within a sub-region 
that is relatively small of signal power sum of ordinate and extends over an jntermediaie 
section of axis of abscissa of the two-axis coordinate system. 



15 how under-filled bead sections, porous bead sections, non-welded bead sections, and 
conforming bead sections thereof are distributed in a region of two-axis coordinate 
system, with an observed result that they are distributed within such separate sub- 
regions as shown in Fig, 23, It is supposed that if under-filled state, porous state, 
and/or non-welded state occur in combination at a single welding part of bead, they 

1^0 should be distributed in a vicinity of a boundary between associated sub-regious. 
Therefore, in this embodiment, as illustrated in Fig. 24, there is provided a complex or 
mixing sub-region difficult of discrimination of a type of weld quality. Accordingly, 
in the imaginary region of iwo-axis coordinate system, there exist an under-filled sub- 
region, a conforming sub-region, a porous sub-region, a non-welded sub-regioH; and a 

25 mixing sub-region. It is noted that the term "sub-region" is for relative expression and 
may well be read simply "region*', It may depend on a result of practice how wide the 
width of mixing sub-region should be set. 

It also is noted that the imaginary region of iwo-axis coordinate system is 
prepared in the computer 7e, and those sub-regions are in no way given as actual iwo- 

30 dimensional planes. Although, after respective FFT operations of signal intensilicfi, 
their resuhs are mapped on the imaginary region of two-axis coordinate system, such a 
mapping is not actually made on a two-dimensional plane. Signal power sums 
constituting respective sub-regions have their numerical ranges, which are stored in die 
memory 7g, allowing tor the computer 7e to make a prompt decision as to wheihei a 

35 non-conforming state occurs or w^hether an observed bead section is conforming, 
depending on which sub-region the result of operation belongs to. 



An investigation was made of a multiplicity of welded bead sections to know 
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Referring again to the flowchan of Fig. 18. at a step S23, on ibe basis of data 
given, while welding, on such a waveform as shown in Fig. 21, there are calculated 
signal power sums in frequency bands ranging 0 Hz lO 1000 Hz and 3000 Hz to 6000 
Hz, respectively. Then, at a step S24, it is decided thai a combination of coordinates in 
5 two-axis coordinate system, as it is defined by a combination of signal power suras 
calculated between 0 Hz to 1000 Hz and between 3000 Hz lo 6000 Hz, resides in which 

sub-region shown in Fig. 24. 

In decision at the step S24, if ihe combination of coordinates belongs to a 
preset conforming sub-region (YES), the control flow goes to a step S25, it is decided 

! 0 thai the welding at a welding part under observation has a conforming state (conforming 
bead section). On the other hand, ai the step S24, unless the combination of 
coordinates belongs to the preset conforming sub-region (NO), the control flow goes to 
a step S26, where it is decided whether or not the combination of coordinates belongs to 
one of an under-filled sub-region, a porous sub-region, and a non-welded sub-region, as 

15 they are preset. 

In decision at the step S26, if the combination of coordinates belongs to one of 
the under-filled sub-region, the porous sub-region, and the non-welded sub-region 
(YES), there should have occurred a weld state of associated sub-region, and the control 
flow goes lo a step S27, where it is decided that the welding part under observation has 

20 a non-conforming weld quality, li is noted that the decision for a conforming bead 
section as wcU as decision for any non-conforming state of weld is indicated by a 
display 7f. With the foregoing process complete, an entire decision on a welding part 
under observation goes to an end. 

On the other hand, in decision at the step S26, unless the combination of 

25 coordinates belongs to one of the under-fiUed sub-region, the poious sub-region, and the 
nOD-welded sub-region (NO), that is, if it belongs to such a mixing sub-region as showTi 
in Fig. 24, then it becomes necessary to divrde the welding pan under observation into a 
plurality of sub-seciions, as shown in Fig. 25, to again make a decision on each sub- 
section as to whether its weld quality is conforming or not. 

30 The decision to be again made of whether the weld quality is conforming or not 

is performed in the following procedure: 

As described, for a single welding part under observation, the electrical 
detection signal El output from the first sensor 6a has lime-depcndant variations 
associated therewith, of which data is stored in the memory 7g of quality monitor QM, 

35 which is read in the computer 7e, where a field of the data representing the time- 
depcndani variations of the electrical detection signal £1 is divided into a pluralUy of 
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sub-sections of the field as a tempoul sequence. For example, assuming that a 
welding part under observation represents a section of bead 30 mm in length, as shown 
in Fig. 25, the bead section under observation is divided into five sub-sections each 
having a 6 mm length, and a decision is made of a respective one of the sub-sections, 
for which quality of weld to occur or if ii is conforming, in a manner quite identical to 
an upper part of the flowchart of Fig. 18. 

As this division of a data section is applied to a stored data of the electrical 
signal El, it takes a time interval of 0.4 sec to weld the 30 mm bead section by a 
welding speed to be 4.5 ro/sec In this embodiment, which means that the bead section 
under observation is represented by a kngth of stored data corresponding to a fraction 
of U.4 sec of the electrical signal. As this data is divided into five sub-sections, the 
fraction of 0.4 sec of electrical signal is divided into a temporal sequence of sub- 
fractions of electrical signal each corresponding to a time slot of 0.08 sec. This 
division provides, for the bead section under observation, a sequence of data on sub- 
fractions of electrical signal appearing in a first sub-interval of time ranging U sec to 
0.08 sec, a second sub-interval of time ranging 0.08 sec to 0.16 sec, a third sub-interval 
of time ranging 0.16 sec to 0.24 sec, a fourth sub-interval of time ranging 0.24 sec to 
0.32 sec, and a fifth sub-interval of time ranging 0.32 sec to 0.4 sec. Although it is 
preferable to set the bead section within a length range of about 1 mm to about Smro, 
this length may weU be varied, as necessary, depending a configuration of the bead 
section and the accuracy of weld quality decision to be desirable. 

Data on sub-fractions of electrical signal corresponding to sub-intervals of time 
are stored in the memory 7g. At a step S28 of the flowchart of Fig. 18, those data are 
read one by one in the computer 7e. where their waveforms of signal intensities are 
processed by the FFT operator. As a resuh, at a step S29, there are calculated a 
combination of signal power sums within the frequency bands ranging 0 Hz to lOOO Hz 
and 3000 Hz to 6000 Hz, respectively. Then, ai a step S30, it is decided in which one 
of sub-regions of two-axis coordinate system shown in Fig. 24 a coordinate 
corresponding to the combination of signal power sums in the frequency bands of 0 Hz 
10 1000 Hz and 3000 Hz to 6000 Hz resides. At this stage of process, such a decision 
is made that, for example, as shown in Fig. 25, there appears a non-welded state in a 
sub-scaion (the lettmosi one in Fig. 25) of bead section corresponding to the first sub- 
interval of lime, another non-welded state m a sub-section (neighboring to the right of 
the leftmost one) of bead section correfiponding to the second sub-interval of time, and a 
35 conforming state in each of the remaining ^ub-sections (up to the rightmost one) of bead 
section corresponding to the third to fifth sub-intervals of lime. 
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Next, at a Step S3h there is calculated a confonning proportion of the bead 
section under observation. In the above-noted case, iwo of five sub-sections are each 
non-conforming in quality of weld, with the rest conforming, so that the conforming 
proportion is 60 %. 

5 Then, ai a step S32, if the number of sub-sections decided to he confonning 

exceeds a preset proportion (e,g. 70%) of conforming sub-section relative to the number 
of divided sub-sections (YES), the control flow goes to a step S33, where it is 
concluded that the re-examined bead section is conforming as a whole. This is 
because the bead section actually corresponds to a kngih of continuous bead preset to 

10 be longer than a required length for a sufficient weld strength, which means ihc actual 
bead section includes an allowance for probable occurrences of non-conformity, such as 
an under-filled, porous, and/or non-wclded points. Therefore, if a section of bead 
under observation has a calculated conforming length exceeding the required length, the 
bead section may well be considered lo be conforming as a whole. 

15 On the other hand, at the step S32, unless the number of sub-sections decided 

to be conforming exceeds the preset proportion (e.g. 70%) of conforming sub-section 
relative to the number of divided sub-sections (NO), the control flow goes to a step S34, 
where it is concluded that the re-examined bead section has under-filled, porous, and/or 
non-welded pans, so that it is non-conforming as a whole. It is noted that the display 

20 7f indicates the conclusion of re-examined bead section to be conforming or non- 
conforming as a whole. 

Like this, in ibis embodiment, even if an entirety of bead section as a welding 
part is once decided to be problematic in weld quality, the bead section i$ re-examined 
to know whether the conforming proportion is sufficieni, so that the resultant conclusion 

25 has an increased accuracy, assuring an enhanced proportion of conforming bead without 
problem. 

The foregoing monitoring process is performed in a real-time manner, that is, 
substanually at the same time as the welding. Even if the re-cxaminalion of a current 
welding part is performed, the conclusion is given before entering the monitormg of a 

30 subsequent welding part. If a welding part is finally concluded to be problematic io 
weld quality, then the welding part is marked by blasting a paint thereto. Although a 
fabncated vehicle body panel may have tens of welding parts, the paint marking 
facilitates a final inspection in a post-process. In the final inspection, pamt-marked 
parts of any panel may well be again visually checked tor non-conformity in weld 

35 quality. If a vehicle panel is concluded to be problematic in weld quality, this panel is 
transferred to a back-up process, where it is repaired. 
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in ihe foregom^ process of this embodiment, the sheet thickness sum or 
weldmg speed .s kept constant. However, though depending on the sheet thickness 
sum, welding speed, or aspect ratio, there inherently is an optim^ frequency for 
decision on an occurrence of porous state, as described in the ftrst embodiment. 
Therefore, like the first embodiment, the second embodiment may also have a frequency 
(Ke. the second frequency band) varied m dependence on the sheet thickness sum, 

welding speed, or aspect ratio. 

In the second embodiment, respective decisions for occurrences of porous, 
under-filled, and non-welded states can be processed by a single operation program, 
without providing various complicate operation programs for detection of different 
kinds of non-conformity of weld quality. Therefore, associated CPU is allowed to 
have a quhe decreased burden imposed thereon for such operation. 

Further, in this embodiment, by decision after subdivision of a bead section 
even a part of the bead section can also be monitored with ease for any state ot weld 
quality, allowing for an enhanced accuracy of decision on a degree of kind of weld 

quality to occur. ^ • u 

Fig -^6 is an illustration of a vibration model of a melt region 26 formed with a 
keyhole 25, at a laser welding part of a lap weld between steel sheets 22 with Zn plating 
21 The vibration model .s configured like an eye drop extending upstream the 
20 welding direction in plan, and has a height equivalent to an apparent thickness sum of 
v^ork (i e Zn-plated steel sheets 22). The lobe of a basic vibration of the model is 
open (for free vibrations) at both top and bottom surfaces of the work, and close (with 
forced vibrations) at a vertical center where vaponzed metal of inter-sheet layers ot the 

Zn-plating 21 is discharged as jets. 
25 The contents of Japanese Paiem Application No. 2001-048756 and Japanese 

Patent Application No. 2001-381889 claiming a domestic priority of the former are 

incorporated herein by reference. 

While preferred embodiments of the present invention have been desaibed 
using specific terms, such description is for iUusuative purposes, and it is to be 
understood that changes and variations may be made without departing from the spmt 
or v,cope of ihe following claims. 
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